An amoeba named Paulinella harbours 'chromatophores', cyanobacterium-derived photosynthetic bodies that evolved independent of plastids. Proteomics has shown that hundreds of nucleus-encoded proteins are targeted to the chromatophore, revealing the host cell's contributions to its recently established organelle.
Some of the most vexing questions in evolutionary biology involve singularities. Consider the endosymbiotic origins of mitochondria and plastids (chloroplasts). Textbooks tell us that these quintessential eukaryotic organelles each evolved from free-living prokaryotes only once in the history of life. In the case of plastids, what we know is this: a cyanobacterium ended up inside a heterotrophic eukaryote, genes moved from endosymbiont to host, a protein import apparatus evolved, and the two organisms became genetically, metabolically, and cell biologically inseparable [1, 2] . The finer details of what transpired during early plastid evolution are, however, still murky. If the tape of life could be replayed, would the organelle evolve the same way twice? In this issue of Current Biology, Singer et al. [3] show that the nuclear genome of an amoeba named Paulinella chromatophora encodes more than 400 proteins that are targeted to its recently evolved photosynthetic organelle, recapitulating an important step in the evolution of plastids from cyanobacteria. Intriguingly, most of these organelle-targeted proteins appear to come from sources other than the cyanobacterial progenitor of the organelle, most notably, from the host. Both chance and necessity play roles in the endosymbiont-to-organelle transition.
Despite its relative obscurity, Paulinella (Figure 1 ) has been known to science for more than a century. The German biologist Robert Lauterborn discovered this testate (shelled) amoeba lurking in sediments of the river Rhine on Christmas Eve 1894. Judging from his official description of the organism Lauterborn appears to have recognized the evolutionary significance of the green sausage-shaped entities within its cytoplasm; he referred to them as 'chromatophore [plastid]-like structures' and suggested that they might be 'real organs' of the amoeba [4, 5] . This was a full ten years before the Russian Constantin Mereschkowsky made a compelling case for the idea that plastids evolved from cyanobacteria by endosymbiosis [6] .
In the early 1990s researchers in the laboratory of Michael Melkonian succeeded in establishing a permanent culture of the amoeba [7] , making it possible to apply modern tools to the question of how chromatophores are related to plastids. The short answer is that they are not related at all, at least not very closely. Ribosomal RNA gene sequencing showed that the Paulinella chromatophores are most closely related to a-cyanobacteria such as Synechococcus [8] , not the b-cyanobacteria to which plastids are allied. The chromatophore genomes of two different Paulinella species were found to be 1 megabase-pairs (Mbp) in size and to harbor 850 genes [9, 10] -much larger and more gene-rich than plastid genomes (which typically possess 70-200 genes) but nevertheless substantially reduced compared to the 3 Mbp genomes of Synechococcus species.
Is the chromatophore an endosymbiont or organelle? Opinions have differed. Genes were shown to have moved from the chromatophore to the Paulinella nucleus [11, 12] , but gene transfer is only part of the organelle equation. According to Cavalier-Smith and Lee [13] , what matters most is protein import.
Endosymbionts are genetically autonomous; even if they depend on their host for metabolites, they are capable of making all of their own proteins. In contrast, organelles are dependent on nuclear gene products synthesized in the cytoplasm and imported posttranslationally [13, 14] . The debate was effectively settled in 2012 when Eva Nowack and Arthur Grossman showed experimentally that several small nucleusencoded proteins are indeed targeted to the chromatophore, apparently via the endomembrane system [15] . But while the term 'organelle' now comfortably applies, important questions about the biology of the chromatophore remain. To what extent is it reliant on the products of nuclear genes? And how is protein import mediated?
In plants and algae, a multi-subunit translocon called the TIC-TOC complex directs host-synthesized proteins into the plastid [2] . The specificity is provided by the presence of cleavable amino-terminal extensions that route freshly made proteins to the organellar compartment. The evolutionary conservation and complexity of TIC-TOC is a key line of evidence supporting the hypothesis that plastids evolved only once in a common ancestor of green, red and glaucophyte algae well over a billion years ago [16] . It has served as the plastid's gatekeeper ever since.
Singer et al. [3] combined experimental and computational approaches to explore the complexity of the chromatophore proteome. They first isolated chromatophores from P. chromatophora cells, extracted proteins, and carried out protein mass spectrometry. The resulting spectra were compared to the complete set of proteins predicted from the sequenced chromatophore [9] and host nuclear [17] genomes. 641 proteins were identified in the purified chromatophore fraction (238 with 'high confidence'), 422 of which are encoded by chromatophore genes. The remaining 219 proteins are the product of host nuclear genes.
Upon visual inspection, these amoebasupplied proteins could be split into two categories, 'short' and 'long'. Unlike the short proteins (<90 amino acids in length), the long imported proteins (>268 amino acids) were characterized by the presence of amino-terminal extensions. These extensions (97-221 amino acids long) show no obvious sequence or structural similarity to those of mitochondrial-or plastid-targeted proteins in other organisms, or to the signal peptides that direct proteins to the endomembrane system. Aligned to one another, however, a conserved sequence element was identified and dubbed the putative 'chromatophore transit peptide' (crTP) [3] . Remarkably, transient expression of three different P. chromatophora crTPs linked to yellow fluorescent protein resulted in chloroplast localization in tobacco cells.
The authors next used Hidden Markov and support vector machine modeling to search a set of 61,000 nuclear transcripts for additional genes encoding chromatophore-localized proteins. More than 200 proteins with full-length, in silicopredicted crTPs were found. Combining their proteomic and bioinformatic data, Singer et al. assembled a set of 433 nucleus-encoded, putatively chromatophore-targeted proteins. More than 50% of these proteins could not be assigned a function. Satisfyingly, however, many proteins with predictable functions were found to fill in gaps in metabolic pathways previously hypothesized to occur in the chromatophore based on its genome sequence alone [9] , including enzymes involved in nucleotide and amino acid biosynthesis. A range of proteins involved in photosynthesis and light acclimation were also identified, as were various 'house-keeping' proteins (e.g., 22 transcription factors and several DNA/ RNA helicases). The data clearly show that Paulinella exhibits a good deal of 'control' over its chromatophore.
The use of amino-terminal extensions as intracellular 'postage stamps' is a recurring theme in cellular evolution. The fact that P. chromatophora seems to have solved the problem of organelle protein import in the same way as mitochondria and plastids is fascinating, but the devil is in the details -it is too early to do anything but speculate on the extent to which Paulinella reinvented the evolutionary wheel over the past 60-200 million years [18] . Assuming it has one, defining the nature and complexity of the chromatophore protein import apparatus is high on the Paulinella to-do list (this will be a challenge given that the organism is not amenable to genetic manipulation). The differences between the pathways of short and long protein import also need to be understood. Interestingly, evidence supporting the existence of a TIC-like complex in the organelle comes from the identification of TIC21 and TIC62 homologs in the chromatophore genomes of two Paulinella species [19] . Together with the discovery of a nuclear gene for TIC32 by Singer et al., this suggests that some of the very same cyanobacterial proteins that evolved organelle import functions in plastids have been recruited for the same job in chromatophores.
Of course, evolution can only tinker with what is available. In the case of canonical plastids, the TIC-TOC translocon appears to have been assembled from both endosymbiont-and host-derived proteins [20] . The results of Singer et al. paint a similar picture for Paulinella. Phylogenetic analyses show that only 17 of the 433 chromatophore-targeted proteins are obviously the product of endosymbiotic gene transfers from the a-cyanobacterial ancestor of the organelle. 26 proteins appear to be the product of horizontal transfers from other bacteria [17] , and the remaining proteins are either of unknown origin or eukaryotic -i.e., hostancestry [3] . The evidence suggests that during the early stages of chromatophore evolution, mix-and-match biochemistry played a significant role in the shift of control from endosymbiont to host. Such a process operating at the dawn of plastids might explain why reconstructing their evolution has proven so difficult. A new study indicates that, in humans, eye movements play an important role in self-motion perception, in particular in integrating information from the visual and vestibular systems and detecting possible conflicts between them.
Imagine being on a high-speed rollercoaster ride at your favorite amusement park. You are about to engage in a rapidly changing sequence of high-speed ups and downs with curves veering to the left and right. To enhance the thrill, you and your ride partner remove your hands from the guardrail and lift them into the sky. The variegated scenes of the amusement park pass by quickly as you sense your body being propelled through space. You feel the wind pressing against your face and you hear the screams of excitement coming from the passengers in the seats behind you. You inadvertently fixate the back of the person's head seated in front of you to steady your gaze. What you are experiencing is the neural processes underlying the multisensory integration of self-motion perception. Your brain integrates such rapidly changing inputs from the visual, vestibular, auditory and tactile senses to yield a more-or-less coherent percept of your body's trajectory in space. Conflict between these sensory cues of self motion can lead to dizziness, vertigo and/or motion sickness.
As they report in this issue of Current Biology, Garzorz and MacNeilage [1] have a used a virtual-reality simulator to explore the ability of healthy volunteers to discriminate the relative velocity of visual (randomly moving threedimensional red spheres on a dark background) and vestibular (left/right full-body yaw rotations) motion cues while participants were seated on a stationary or moving platform. Brief movements of the motion platform (four angular degrees with raised-cosine velocity profile for 0.8 seconds with maximum velocity of 10 degrees per second) were accompanied by threedimensional visual displays of random
